We introduce, analyze, and experimentally demonstrate what to the best of our knowledge is a new pulse correlation technique that is capable of real-time conversion of a femtosecond pulse sequence into its spatial image. Our technique uses a grating at the entrance of the system, thus introducing a transverse time delay ͑TTD͒ into the transform-limited reference pulse. The shaped signal pulses and the TTD reference pulse are mixed in a nonlinear optical crystal ͑LiB 3 O 5 ͒, thus producing a second-harmonic field that carries the spatial image of the temporal shaped signal pulse. We show that the time scaling of the system is set by the magnification of the anamorphic imaging system as well as by the grating frequency and that the time window of the system is set by the size of the grating aperture. Our experimental results show a time window of ϳ20 ps. We also show that the chirp information of the shaped pulse can be recovered by measurement of the spectrum of the resulting second-harmonic field.
Introduction
Ultrashort-pulse technology plays an increasingly important role in optical communication, 1,2 biological imaging, [3] [4] [5] [6] [7] chemistry and physics, 8, 9 and many other fields that require ultrashort time resolution or high peak power. To take full advantage of ultrashortpulse laser systems, the shape of the pulse must be determined in real time as accurately as possible. For example, a single-shot autocorrelation measurement is essential for optimizing the performance of a high peak power femtosecond pulse laser system with low repetition rate. 10 Ultrashort optical pulses are also of great importance in optical communication network applications. These applications have a common need in all optical processors that can perform various functions including pulse shaping, [11] [12] [13] [14] [15] filtering, 16, 17 space-to-time multiplexing, 18, 19 and time-to-space demultiplexing. 20 -25 The time-to-space demultiplexing technique employs a femtosecond pulse imaging technique that uses time cross correlation between a transformlimited ultrashort reference pulse and the unknown signal pulse. This time cross correlation can be performed with nonlinear three-wave mixing either in the spectral domain or directly in the time domain. The spectral domain three-wave mixing method employs a nonlinear second-harmonic generation ͑SHG͒ crystal, where the spectral decomposition waves of a shaped femtosecond pulse are mixed with those of a transform-limited pulse that generates a quasimonochromatic second-harmonic ͑SH͒ field. The SH field is proportional to the product between the complex field amplitudes of the temporal frequency spectrum of the two incident fields. 25 The inverse Fourier transform of the SH field carries the desired time-domain cross-correlation information, which can be considered to be an image of the signal pulse when the reference pulse is short enough to be implementing a ␦ function. This technique has the capability to provide amplitude and phase information of the femtosecond pulse.
The second group of pulse-imaging techniques employ a time-domain approach that is also called single-shot correlation. This technique can be configured to measure the cross correlation of pulses or the time-to-space conversion of a sequence of ultrashort pulses. 10, 26, 27 This technique uses noncollinear SHG, and we can easily obtain the intensity autocorrelation function by splitting the beam that carries a single pulse into two beams and by intersecting them in a nonlinear crystal to produce a SH signal. The spatial profile of the SH signal carries the information of the autocorrelation function of the pulse. To generate a strong SH signal, the incidence angles of the reference and the signal pulses must be adjusted to satisfy the phase-matching condition for SHG. Unfortunately, the resolution of this technique is determined by the angle between the two pulses, and the time aperture is determined by the crystal aperture size and by the angle of the incident. This method is well suited for single-shot autocorrelation applications where the SH efficiency is of prime concern. However, for cross-correlation applications we need to optimize the system performance with respect to a number of important parameters, such as efficiency, resolution, and the time aperture. These parameters are determined by the choice of the nonlinear crystal and its orientation.
In 1981 Wyatt and Marinero 28 demonstrated an original method of measuring pulses of subnanosecond to picosecond duration, using a diffraction grating to produce a tailored, expanded beam with a differential time delay along its expanded axis, thereby decoupling the time front from the phase front. This method, however, has not been fully explored in terms of conversion efficiency and in terms of the advantages of decoupling the time front from the phase front of pulses, especially when the technique is applied to measure sequences of femtosecond pulses. In this paper we study and experimentally demonstrate a time-domain femtosecond pulse correlation system that uses a reference pulse with a transverse time delay ͑TTD͒. Our system, which operates in the time domain as opposed to the spectral domain ͑demonstrated in Ref. 25͒, is capable of performing single-shot autocorrelation measurements over a wide range of laser-pulse widths from femtoseconds to picoseconds. Furthermore, our method allows for measurements with a time window that is not limited by the size of the crystal aperture. Our study concentrates on a femtosecond crosscorrelation measurement, which has not been done previously. The analysis of the method includes cross-correlation as well as autocorrelation measurement techniques. Finally, we prove that the system also provides information on the phase modulation of ultrashort pulses.
In Section 2 we present the principles of operation of the novel time-domain femtosecond pulse correlation technique. The experimental setup is described in Section 3, and experimental results are presented in Section 4. We conclude with a summary in Section 5.
Principle of Operation and Analysis
The new pulse correlation technique is shown schematically in Fig. 1 . It employs a grating at the entrance of the anamorphic imaging system, introducing a tilt in the pulse front with respect to the wave front. This tilt of the pulse front causes a TTD across the spatial extent of the pulse. Next the shaped signal pulse and the TTD reference pulse are mixed in a nonlinear optical crystal at the image plane of the anamorphic imaging system, thus producing a SH field ͑see Fig. 2͒ . Our technique allows for decoupling of the time delay from the propagation direction, permitting us to select the angle between the intersecting pulses in the vertical direction ͑see angle in Fig. 2͒ to achieve the phase-matching conditions for the best efficiency. The time scaling of the system is set independently by adjustment of the pulse front tilt angle Ј in the orthogonal, horizontal direction. In the following we analyze the basic principles of this pulse-correlation technique. Fig. 1 . Principle of TTD correlation measurement. ͑a͒ The reference pulse diffracted from the grating surface is imaged by the anamorphic imaging system, thus producing a transverse time delay in space. The signal pulse is transmitted and imaged onto the same plane. The signal pulse and the reference pulse intersect in the nonlinear crystal and interact, thus producing the SH field. ͑b͒ Magnified view of the signal pulse and the reference pulse inside a SHG crystal in the image plane.
A. Cross Correlation of a Sequence of Transform-Limited Pulses and One Transform-Limited Pulse
Consider a spatially collimated and temporally transform-limited optical pulse propagating in the z i direction described by
where p͑t͒ is the temporal envelope function of the pulse, t 0 is the initial time, and c is the carrier frequency. In the frequency domain the field is described by the value of the temporal Fourier transform of the field in Eq. ͑1͒, yielding
where P͑͒ is the temporal Fourier transform of the function p͑t͒. Consider a monochromatic plane wave of frequency incident on the grating at an angle . The grating is aligned such that the first diffracted order for the spectral component at the carrier frequency c will propagate in the direction of the optical axis of the imaging system, whereas the field of frequency c will propagate at an angle described by a spatial frequency from a linear phase factor exp͕Ϫj͓͑ Ϫ c ͒͞c͔␣x͖, where c is speed of light in vacuum; x is the spatial coordinate in the grating direction; and, in the paraxial approximation, ␣ ϭ sin Х c ͞⌳ g , with c being the carrier wavelength and ⌳ g being the period of the grating. Then the optical field of Eq. ͑2͒ diffracted from the grating yields
where w͑ x͒ is the pupil function of the grating. The resulting time-domain field in the plane of the grating is given by the temporal Fourier transform of Eq. ͑3͒, yielding
shows that the temporal envelope function is now spatially tilted, which is the origin of the pulse front tilt or TTD. The tilted pulse front is anamorphically imaged in the x direction by a combination of a cylindrical lens and a spherical lens ͑see Fig. 2͒ and is reproduced exactly at the image plane of the system. Here we assume negligible chromatic aberration of the lenses in the anamorphic imaging system. Note that to fully utilize the large time window, the spatial intensity profile of the incident field must be uniform over the pupil function of the grating w͑x͒ ͓see Eq. ͑4͔͒. The spatial coordinates of the input plane ͑x͒ and of the image plane ͑xЈ͒ are related as
where f 1 and f 2 are the focal lengths of the cylindrical lens and the spherical lens, respectively. The tilted pulse front in the image plane of the system is then described by
shows that the tilt angle can be controlled by the spatial magnification factor ͑ f 2 ͞f 1 ͒ of the anamorphic imaging system as well as by the spatial frequency of the grating.
Next consider introducing into the system of Fig. 2 an input signal field from a separate channel ͓see Eq. ͑1͔͒ that consists of a sequence of transform-limited pulses. In this case the input can be described as
where A i and ⌬t i are the amplitude and the corresponding time delay for the pulse i in the sequence and t 0s is the initial time of s͑t͒. If a SHG crystal is placed at the image plane where the tilted reference pulse intersects with the signal pulses, the generated SH field E SHG is proportional to the product of the tilted reference r͑x; t͒ of Eq. ͑6͒ and the shaped signal s͑t͒ of Eq. ͑7͒. The resulting SHG field E SHG is determined by a product of the fields given by Eqs. ͑6͒ and ͑7͒ and has the corresponding image of the input pulse sequence as (8) where is the proportionality factor that accounts for the SHG conversion efficiency and is assumed to be constant over the bandwidth of the pulses. The unique feature of this arrangement is that the time delay of the reference pulse is now decoupled from the propagation direction. Therefore we can select the angle between the intersecting pulses in the vertical direction to satisfy phase-matching conditions ͑see Fig. 2͒ independently from the angle ͑see Fig. 1͒ that determines the time scaling and the time window of the method. The term w͑xЈf 1 ͞f 2 ͒ in Eq. ͑8͒ shows that the spatial extent of the time window is determined by the aperture size of the grating w͑x͒, 
The distance ⌬xЈ between the ith and ͑i ϩ 1͒st pulses is therefore
where ⌬t is the time separation between the two pulses defined as ⌬t ϭ ⌬t iϩ1 Ϫ ⌬t i . Equation ͑9͒
shows that each pulse in the sequence will be imaged at location xЈ determined by the time difference between the reference and the signal pulses, the grating frequency ͑i.e., ␣ ϭ sin Х c ͞⌳ g ͒, and the magnification factor of the system. A unique feature of our system is that the spatial separation corresponding to the pulse separation in time ͑i.e., time scaling of the system͒ can be controlled by the grating frequency and by the magnification factor of the system.
B. Cross Correlation of a Chirped Pulse and a Transform-Limited Pulse
Next we consider a signal pulse in the form of a linearly chirped Gaussian pulse. Such a signal pulse can be described as
where a is the chirp parameter, q ϭ 1͑͞2 ln 2͒
1͞2
, and ch is the pulse width, i.e., the FWHM of the intensity profile. The bandwidth ⌬ of the pulse is limited, and the pulse-duration-bandwidth product 29 of such a pulse is given by
Therefore, since the bandwidth of the pulse ⌬ does not change, the pulse width of the chirped pulse ch and that of the transform-limited pulse T are related by
The generated TTD reference pulse at the image plane is described by
The generated SHG signal E SHG is again proportional to the product of s͑t͒ and r͑xЈ, t͒ from Eqs. ͑11͒ and ͑14͒, yielding
The instantaneous frequency inst ͑t͒ is defined as
Equations ͑15͒ and ͑16͒ show that the SHG field is described by the product of two envelope functions with different widths. There exists a spectrum spread in the xЈ direction that is due to the instantaneous frequency change inst ͑t͒. This suggests that, with measurement of the frequency change in the xЈ direction, information on the phase modulation of the signal pulse can be obtained.
C. Autocorrelation Width of a Pulse
When identical pulses are used as the reference and the signal pulses, this pulse correlator provides the autocorrelation function A SHG ͑xЈ͒ of the pulse. Considering the integration of the SHG signal over a longer time period than the pulse width ͑owing to the detection process͒, A SHG ͑xЈ͒ is given by
where T ϭ t Ϫ t 0s and t 0s and t 0 are the time delays for the signal and the reference pulses, respectively. To find the width of the autocorrelation function of a Gaussian pulse with pulse width , we integrate Eq. ͑17͒ and use the result to find the autocorrelation width ⌬wЈ at the image plane,
Equation ͑18͒ shows that the autocorrelation width can be controlled by the reference pulse tilt angle, which is determined by the grating frequency and the magnification factor of the imaging system. The relationship between the magnification factor and the autocorrelation width is the unique feature of our technique, allowing for measurement of pulses in a wide time window range.
Description of Experimental Setup
The experimental setup is schematically shown in Fig. 2 . We use a mode-locked Ti:sapphire laser ͑Co-herent Mira͒ that produces ϳ200-fs pulses with a center wavelength of c ϭ 920 nm and a repetition rate of 77 MHz. The laser output beam is collimated and magnified before it enters the pulse correlation system to ensure that the spatial intensity profile of the pulse is uniform across the crystal aperture. The optical pulse entering into the pulse correlation system is split into two beams by a beam splitter; one beam is used to provide a reference pulse and the other a signal pulse. The latter can be introduced into a pulse-shaping device 11, 12, 25 to generate a pulse sequence that employs spectral domain filtering of the initial pulse.
The reference pulse impinges on a metallic blazed grating of 600 lines͞mm. The incidence angle onto the grating is set to 33.5°for c ϭ 920 nm, resulting in a diffraction efficiency of ϳ80% in the first order. The anamorphic imaging system consists of a cylindrical lens ͑focal length f 1 ϭ 500 mm͒ and a spherical lens ͑focal length f 2 ϭ 200 mm͒. The two beams are imaged in the horizontal direction x and focused in the vertical direction y at the back focal plane of the second lens. The signal and the reference beams are parallel to each other with a vertical separation of ϳ1 cm to introduce an angle of the intersection of two pulse beams in the spatial Fourier-transform plane of the second lens. This angle is optimized to satisfy the phase-matching condition in the SHG crystal. A delay line is inserted in the path of the signal beam to control the overlap between the signal and the reference pulses in time and space in the volume of the nonlinear optical crystal.
A nonlinear optical crystal ͑LiB 3 O 5 ͒ is placed in the image plane of the system. The crystal cut and the crystal orientation are designed to satisfy the type I phase-matching condition for noncollinear SHG. With this setup the generated SH field propagates in the vertical bisector direction, coinciding with the direction of the optical axis of the system. The angle between the two beams in the crystal is set to ϳ6°t o satisfy the phase-matching condition, thus maximizing the SHG conversion efficiency. Background noise is spatially filtered, and a dichroic filter is placed in front of the CCD camera to block IR pulses.
The signal pulses for our experiments were prepared with a femtosecond pulse shaper. The shape of the pulse sequence is proportional to the timedomain convolution of a transform-limited input pulse and the Fourier transform of the spectral filter in the pulse shaper. For example, if we use a grating as the spectral filter of the pulse shaper, then the shape of the output pulse will consist of a time sequence of equally spaced pulses. We can calculate the time separation ⌬t between the adjacent pulses generated by the pulse shaper as
where F is the focal length of the Fourier-transform lens in the pulse shaper, ⌬d is the grating period, c is the angular frequency of the center wavelength of the pulse, and ␣ s ϭ ͞⌳ g ͑here ⌳ g is the grating period of the spectral decomposition device and is the center wavelength͒. In our experiment we use a pulse shaper lens with F ϭ 250 mm, and we use various gratings as spectral filters.
Experimental Results
In our experiments with the pulse correlation system we need to calibrate the scale of the time-to-space conversion, using two identical pulses. Calibration is performed by introduction of a known time delay into the signal pulse and measurement of the transverse spatial displacement of the resulting SH signal image with a CCD camera interfaced to a computer. A computer-controlled micrometer with a resolution of 0.05 m ͑corresponding to ϳ0.16 fs in vacuum͒ is used to introduce a precise time delay t 1 into the signal pulse. The resulting images are captured and analyzed. The time-to-space conversion scale is given by t 1 ͞N CCD , where N CCD is the number of CCD pixels that corresponds to the distance between the peaks of the two pulses imaged before and after introduction of the time delay. This calibration process not only calibrates the anamorphic imaging system that is used for imaging the pulse in the horizontal x direction but also calibrates the magnification factor of the imaging lens used to image the spatial profile of the SH signal from the nonlinear optical crystal onto the CCD chip. An example of a calibration obtained with a cylindrical lens ͑focal length f 1 ϭ 300 mm͒ and a spherical lens ͑focal length f 2 ϭ 375 mm͒ is shown in Fig. 3 . We obtain the two pulse images by changing the optical path length by 700 m, which corresponds to a temporal shift of 2.3 ps. The two peaks are separated by 429 CCD pixels, corresponding to a time-to-space conversion scale of 5.4 fs͞pixel. With this calibration factor we proceeded to measure the autocorrelation widths of ultrashort pulses. The FWHM of the captured images is the FWHM of the autocorrelation width of the pulse, yielding the FWHM of the autocorrelation
where N FWHM is the number of CCD pixels that corresponds to the FWHM of the pulse image on the Fig. 3 . Calibration of the TTD-pulse correlation system. CCD image of the pulses that correspond to a delay of 2.3 ps ͑spatial delay in vcuum of 700 m͒; the time-to-space conversion scale is 5.4 fs͞pixel.
CCD camera. Figure 4 compares the results obtained with our TTD pulse correlator with the measurement results obtained with a commercial autocorrelator ͑Inrad Model-514BX͒, which employs a translation stage. The comparison shows an excellent match between the signal-pulse autocorrelation profiles obtained by the commercial autocorrelator and the TTD pulse correlation system. The autocorrelation width measured by the TTD method is 301 fs, whereas the width measured by the commercial autocorrelator is 304 fs. The difference in the autocorrelation measurements is ϳ1.3% and is within the resolvable range of the CCD. We also performed cross-correlation experiments with various shaped pulses obtained at the output of the pulse-shaping device. We used a spectral filter implemented by two gratings: a binary phase grating and a binary amplitude grating. The binary phase grating of period 169.5 m possesses a magnitude of phase modulation that produces strong Ϫ1, 0, and ϩ1 orders and negligibly weak higher diffraction orders. We verified this property by performing a spatial Fourier transform. We prepared a sequence of pulses, using this filter in the pulse shaper, and then used our pulse correlation system to analyze this signal. The experimental results are shown in Fig. 5 . The three pulses separated by 2.53 ps show excellent agreement with the calculated ͓with Eq. ͑19͔͒ separation value of 2.50 ps.
In our second cross-correlation experiment we used a 50͞50 binary amplitude grating ͑i.e., a Ronchi grating͒ with a 250-m grating period as a spectral filter. Such a grating has the unique property that its Fraunhofer diffraction pattern does not have even diffraction orders except for the 0th order. The obtained image of the pulse sequence does not show the even-order pulses ͑see Fig. 6͒ . The three central pulses, corresponding to the Ϫ1, 0, and ϩ1 orders, are separated by 1.75 ps, whereas the higher orders are separated by twice that distance. The separation of the central three pulses is consistent with the calculated value of 1.69 ps.
For the third experiment we used a onedimensional ͑1-D͒ binary phase diffractive optical lens ͑217.39 mm focal length for the Ϫ1 and ϩ1 orders at a wavelength of 920 nm͒ as the spectral filter. The element was designed to produce uniform diffraction efficiencies for the Ϫ1, 0, and ϩ1 orders, representing transmittance functions with negative quadratic phase, a constant linear phase, and a positive quadratic phase, respectively. The diffractive lens was translated off axis to separate the output pulses that correspond to the three diffraction orders, which introduces a linear phase shift between the Ϫ1, 0, and ϩ1 orders. The phase shifts are translated into a relative time delay between the orders at the output of the pulse-shaping device. The output shaped pulse consists of a sequence of three timeseparated pulses: a transform-limited pulse and two chirped pulses, corresponding to the 0 and the Ϯ1 diffraction orders, respectively ͑see Fig. 7͒ . The FWHM width for these two chirped pulse images are measured to be approximately identical and equal to 2.64 ps, which is ϳ5% larger than the calculated value of 2.51 ps. The details of the generation of the sequence of pulses with a 1-D binary phase diffractive lens and the identification of the chirp sign can be found in Ref. 25 .
Conclusion
We have introduced, analyzed, and demonstrated experimentally a new single-shot pulse correlation system based on a tilted pulse front with an anamorphic imaging system. Our system can produce background-free autocorrelation and crosscorrelation functions for a single incident pulse. Good agreement in the measurements of autocorrelation widths with a commercial autocorrelator and the TTD single-shot correlator are obtained. We have also demonstrated the time-to-space conversion capability of the new TTD system, which shows excellent agreement with the pulse imager that employs the spectral domain three-wave mixing method. The results of pulse correlation show that the system has a large time window that is set by the size of the grating aperture and has variable time scaling. The system measurement range, time scaling, and phasematching conditions can be adjusted independently, thereby supporting a wide range during measurement of a sequence of pulses of various wavelengths. The measured conversion efficiency of the SHG is 0.3%, which is found to be sufficient for timeintegrated CCD detection with incident pulse energy of the order of 1-10 nJ with the laser operated at a 77-MHz repetition rate. In principle, this pulse correlation system can be modified for single-pulse detection with a higher-sensitivity 1-D CCD array. The system could be useful for single-pulse detection demultiplexing in terahertz-bandwidth optical fiber networks, since it operates at femtosecond rate. Fig. 6 . CCD image of shaped pulses obtained with the TTD pulse correlation system: a sequence of pulses obtained with a pulse shaper with a Ronchi grating ͑50͞50͒ spectral filter. Fig. 7 . CCD image of shaped pulses obtained with the TTD pulse correlation system: a sequence of pulses-positive chirp, transform limited, and negative chirp-obtained with a pulse shaper with a 1-D diffractive lens spectral filter.
